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Abstract DNA polymorphisms are valuable for several
applications including genotyping, molecular mapping and
marker-assisted selection. The 55 K AVymetrix Wheat
GeneChip was used to survey expression level polymor-
phisms (ELPs) and single-feature polymorphisms (SFPs)
between two near-isogenic wheat genotypes (BC7:F4) that
diVer for the Yr5 stripe rust resistance locus, with the objec-
tive of developing genetic markers linked to Yr5. Ninety-
one probe sets showing ELPs and 118 SFP-containing
probe sets were identiWed between isolines, of which just
nine ELP probe sets also contained SFPs. The proportion of
the transcriptome estimated to be variable between isolines
from this analysis was 0.30% for the ELPs and 0.39% for
the SFPs, which was highly similar to the theoretical
genome diVerence between isolines of »0.39%. Using
wheat-rice synteny, both ELPs and SFPs mainly clustered
on long arms of rice chromosomes four and seven, which
are syntenous to wheat chromosomes 2L (Yr5 locus) and

2S, respectively. The strong physical correlation between
the two types of polymorphism indicated that the ELPs may
be regulated by cis-acting DNA polymorphisms. Twenty
SFPs homologous to rice 4L were used to develop addi-
tional genetic markers for Yr5. Physical mapping of the
probe sets containing SFPs to wheat chromosomes identi-
Wed nine on the target chromosome 2BL, thus wheat-rice
synteny greatly enhanced the selection of SFPs that were
located on the desired wheat chromosome. Of these nine,
four were converted into polymorphic cleaved ampliWed
polymorphic sequence (CAPS) markers between Yr5 and
yr5 isolines, and one was mapped within 5.3 cM of the Yr5
locus. This study represents the Wrst array-based polymor-
phism survey in near-isogenic genotypes, and the results
are applied to an agriculturally important trait.

Introduction

For most plants, DNA polymorphisms are responsible for a
signiWcant proportion of phenotypic variation. Subse-
quently, DNA polymorphisms are valuable for several
applications including genotyping, molecular mapping and
marker-assisted selection. Associating a particular trait with
a DNA polymorphism is especially valuable for breeding
purposes. Recently, novel means of identifying abundant
DNA polymorphisms have been developed that incorporate
a microarray platform for high-throughput genotyping.
These include diversity array technology (DArT™) (Jac-
coud et al. 2001) and subtracted diversity array (Jayasinghe
et al. 2007) for DNA:DNA hybridization-based genotyping
and mapping studies. More recently, expression level poly-
morphisms (ELPs) (Doerge 2002) and single-feature poly-
morphisms (SFPs) (Rostoks et al. 2005) have been identiWed
from cRNA hybridization studies. In plants, ELPs have been
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studied in mapping populations (Kliebenstein et al. 2006a,
b; Van Leeuwen et al. 2007; West et al. 2007), and have
been associated with various phenotypic traits, for example,
seed development in wheat (Jordan et al. 2007), qualitative
pathogen resistance in Arabidopsis thaliana (Gassmann
et al. 1999; Grant et al. 1995) and domestication in maize
(Wang et al. 1999). ELPs are known to be caused by both
cis-acting (Cong et al. 2002; Lambrix et al. 2001) and
trans-acting factor DNA sequence polymorphisms (Cai-
cedo et al. 2004), as well as expression-altering deletions
within a gene itself (Kliebenstein et al. 2001; Lambrix et al.
2001). ELPs between genotypes have been shown to corre-
late with underlying DNA sequence polymorphism in Ara-
bidopsis thaliana (Kliebenstein et al. 2006a) at both a
whole-genome and sub-chromosomal level, which indi-
cated a signiWcant impact of cis-, or linked trans-acting,
DNA polymorphism on gene expression.

Single-feature polymorphisms (SFPs) are detected by
high-density oligonucleotide probe arrays, and represent
DNA sequence polymorphism between genotypes within
an individual oligonucleotide probe that can be detected by
hybridization aYnity diVerence (Borevitz et al. 2003).
Importantly, SFPs occur within a transcribed gene that may
reXect variation in phenotype. Recent studies have been
successful in identifying DNA polymorphisms from RNA
hybridized to AVymetrix GeneChips (AVymetyrix, Santa
Clara, CA) in addition to transcript abundance polymor-
phisms (Borevitz et al. 2003; Cui et al. 2005; Rostoks et al.
2005; Walia et al. 2007; West et al. 2006). Use of RNA acts
to reduce genome complexity, which overcomes the diY-
culties associated with hybridizing genomic DNA from
organisms with large and complex genomes such as wheat
(Triticum aestivum L.). SFPs are often caused by single
nucleotide polymorphisms (SNPs), as demonstrated by
studies that have sequenced SFPs (Borevitz et al. 2003;
Rostoks et al. 2005). However, SFPs are only predictive of
a potential SNP within an oligonucleotide probe, so further
work must be performed to actually identify the causative
SNP. Subsequently, it is now possible to accurately identify
both ELPs and SFPs from RNA expression studies using
short oligonucleotide arrays. Both SFPs and ELPs can also
be mapped as alleles in segregating populations (“genetical
genomics”), and ELPs can be considered as e-traits to
establish expression QTL (eQTL) (Jordan et al. 2007; West
et al. 2006, 2007). In wheat, one recent eQTL study has
been reported, which utilized the AVymetrix Wheat Gene-
Chip to map ELPs for seed development in a population of
41 doubled haploid lines, but did not map SFPs (Jordan
et al. 2007). By using wheat-rice synteny, the authors found
that most major eVect eQTL were cis-acting, which has also
been observed in eQTL studies of other organisms, includ-
ing A. thaliana (West et al. 2007) and the mouse (Schadt
et al. 2003).

The objective of this study was to determine the level of
ELP and SFP in two near-isogenic wheat genotypes
(BC7:F4) that diVer for stripe rust (Puccinia striiformis
Westend. f. sp. tritici Eriks. (Pst)) resistance controlled by a
single gene known as Yr5. The Yr5 gene was originally
identiWed in T. spelta var. album (TSA) (Chen et al. 1998;
Lupton and Macer 1962; McIntosh et al. 1998), and confers
race-speciWc all-stage resistance to all currently known
races of Pst in the United States (Chen, unpublished data).
The chromosomal location of Yr5 has also been determined
on the long arm of chromosome 2B (Law 1976; Macer
1966). For this study, the aim was to identify ELPs and
SFPs from an AVymetrix Wheat GeneChip dataset used as
part of a previous transcript abundance study of the
response of each isoline to Pst inoculation (Coram et al.
2008). The goal was to assess the level of ELP and SFP in
the near-isogenic genotypes across two treatments (Pst-
inoculation and mock-inoculation), and to discover poly-
morphisms linked to the Yr5 locus. This study represents
the Wrst of its kind to be applied to near-isogenic genotypes,
as well as the Wrst survey of SFP in wheat. Importantly, the
results demonstrate the utility of SFPs for generating
genetic markers linked to an agriculturally important trait.

Materials and methods

Wheat GeneChip

The GeneChip® Wheat Genome Array (AVymetrix, Santa
Clara, CA) is a 3�IVT array that includes 61,127 probe sets
representing 55,052 transcripts for all 21 wheat chromo-
somes in the genome. 59,356 probe sets represent modern
hexaploid (A, B and D genomes) wheat (T. aestivum) and
are derived from the public content of the T. aestivum Uni-
Gene Build #38 (April 24, 2004). 1,215 probe sets are
derived from ESTs of a diploid near relative of the A
genome (T. monococcum), a further 539 represent ESTs of
the tetraploid (A and B genomes) durum wheat species T.
turgidum, and Wve are from ESTs of a diploid near relative
of the D genome known as Aegilops tauschii. Probe sets
consisted of pairs of 11 perfect match (PM) and mismatch
(MM) 25-mer oligonucleotides designed from the 3� end of
exemplar sequences, with nucleotide 13 as the MM. Each
probe set was assumed to represent a transcript and array
annotation information is available on the NetAVx data
analysis center (http://www.affymetrix.com).

Plant material and GeneChip data

Near isogenic lines (NILs) for the Yr5 resistance gene were
developed at the Plant Breeding Institute, Sydney, Austra-
lia, by backcrossing the Yr5 donor [T. aestivum subsp.
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spelta (L.) Thell. cv. Album (TSA)], with the recurrent sus-
ceptible spring wheat genotype (T. aestivum L.) “Avocet
Susceptible” (AVS) seven times [BC7:F4 AVS £
(AVS £ TSA)] and selecting for the appropriate resistance
in each generation (Wellings et al. 2004). Backcrosses were
advanced to the BC7:F4 stage (Yan et al. 2003), thus only
»0.39% of the TSA genome was remaining in the Yr5 NIL
in the AVS background. Two BC7:F4 NILs were selected
that diVered at the Yr5 locus; Yr5 (homozygous resistant)
and yr5 (homozygous susceptible). As part of a previous
gene expression study (Coram et al. 2008), GeneChip data
was generated from RNA of 10-day-old leaf tissue of the
two isolines in an experimental design that included two
treatments (mock-inoculation and Pst-inoculation), four
time-points (6, 12, 24, and 48 h) and three biological repli-
cations. Subsequently, 24 total GeneChip hybridizations
were made for each isoline according to standard AVyme-
trix protocols. The transcript data was validated by quanti-
tative RT-PCR in the previous study (Coram et al. 2008).
All minimum information about microarray experiments
(MIAME) guidelines were observed (Brazma et al. 2001)
and GeneChip data can be found in WheatPLEX (Shen
et al. 2005), accession number TA9.

Expression level polymorphism analysis

The Bioconductor (Gentleman et al. 2004) package aVy
was used to read in the 48 raw AVymetrix “.CEL” Wles, and
quality control was assessed using the aVyQCreport (Par-
man C, Halling C, Gentleman R aVyQCReport:QC Report
Generation for aVyBatch objects. R package version
1.16.0.) of Bioconductor (Gentleman et al. 2004), which
provided AVymetrix recommended quality metrics, per
array intensity distributions, between array comparisons,
and other diagnostic plots. The data was pre-processed
using robust multi-array average (RMA) (Bolstad et al.
2003; Irizarry et al. 2003), and hierarchical clustering
(Euclidean metrics, complete linkage) of normalized arrays
using the hclust function in R (R Development Core Team
2006) revealed that the RMA algorithm accurately sepa-
rated the variables of the data set (genotype, treatment, time
and replicate). The data set was then separated into time-
points and a linear model (Smyth 2005) was applied on
each probe set to detect signiWcantly (P < 0.05) diVerent
transcript levels (ELPs) for isoline, treatment, and the
isoline £ treatment interaction. Probability (P) values were
adjusted for multiple comparisons using false discovery
rate (FDR) � < 0.05 (Benjamini and Hochberg 1995). Puta-
tive ELP probe sets between Yr5 and yr5 signiWcant for
treatment were identiWed and annotated using HarvEST
(AVymetrix Wheat1 Chip version 1.52), which identiWed
the corresponding unigene for each probe set and provided
the current best BLASTX hit from the non-redundant (nr)

database of NCBI, as well as the best BLASTX hits from
rice and A. thaliana TIGR databases (http://www.tigr.org/
plantProjects.shtml). A database hit <1e-10 was considered
as signiWcant, otherwise the unigene was annotated as
unknown. For gene ontology (GO), the rice locus matching
each probe set in the HarvEST output was queried using the
TIGR rice genome annotation (Yuan et al. 2003), which
provided GO terms including biological function. Unigenes
were assigned to functional categories based on Munich
Information Center for Protein Sequences (MIPS; http://
mips.gsf.de/) classiWcations.

Expression level polymorphisms were diVerentiated as
qualitative (caused by hybridization in only one isoline) or
quantitative (caused by signiWcantly diVerent transcript
abundance between isolines) based upon corresponding
MAS 5.0 PMA (present, marginal and absent) calls gener-
ated by GCOS v.1.4 (AVymetrix, Santa Clara, CA). Probe
sets were only identiWed as being expressed if they were
called as “present” in all three biological replications for a
given time-point, otherwise they were identiWed as not
expressed. Qualitative probe sets for mock- and Pst-inocu-
lation were then identiWed as those that were expressed in at
least three time-points for one isoline and not expressed in
all time-points for the other isoline. Additionally, the PMA
calls were used to detect the total number of expressed
probe sets for which successful hybridization occurred
amongst any isoline and condition.

Single-feature polymorphism prediction

Sequence polymorphisms within individual oligonucleo-
tide probes were detected as single-feature polymor-
phisms (SFPs). To detect SFPs, only the eleven perfect
match probes from each probe set were analyzed. The
Bioconductor package aVy was used to read in the 48 raw
AVymetrix “.CEL” Wles from both isolines, and a novel
method for SFP detection was applied (code is available
from corresponding author upon request). BrieXy, the
raw probe level signal data were Wrstly RMA background
corrected and normalized with the Bioconductor aVy
package. SFP data was calculated by subtracting the
RMA pre-processed expression estimate for a particular
probe set from the corresponding probe level signal data.
Residuals of the model, which had been normalized for
probe and expression eVects, were Wtted for an isoline
eVect using the Bioconductor package siggenes, where
signiWcance analysis of microarrays (SAM) (Tusher et al.
2001) with an FDR adjustment of � < 0.01 was used to
detect signiWcantly diVerent features. SAM output
included d-statistics, which represents a modiWed t-test,
that were used to assess signiWcance of SFPs. Probe sets
containing SFP probes were annotated as described for
the ELPs.
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Physical and genetic mapping

Using HarvEST annotation, ELPs and SFPs that were
homologous to physical map loci in rice were mapped to
rice chromosomes. Additionally, ELPs and SFPs that were
homologous to wheat deletion bin mapped ESTs from the
NSF EST deletion mapping project (Qi et al. 2004) were
identiWed using GrainGenes-SQL (http://wheat.pw.usda.
gov/cgi-bin/westsql/map_locus.cgi). An additional 20 SFPs
that were homologous to sequences on rice chromosome 4L
(syntenous to 2L in wheat; Yr5 locus) were assigned to
wheat chromosomes using the set of wheat nulli-tetrasomic
Chinese Spring lines (Wheat Genetic and Genomic
Resources Center, Kansas State University, KA). PCR
primers for selected probe sets containing SFPs were
designed on corresponding unigenes identiWed in HarvEST
using Vector NTI (v. 10.3.0, Invitrogen Corporation). Each
50 �L PCR reaction consisted of; 60 ng DNA, 0.4 �M for-
ward and reverse unigene-speciWc primer, 1£ GoTaq Flexi
buVer (Promega Corporation), 0.2 mM each dNTP, 3.0 mM
MgCl2, and 1.5 units GoTaq DNA Polymerase (Promega
Corporation). Thermocycling parameters were optimized at
95°C for 5 min, followed by 40 cycles of 95°C for 30 s,
60°C for 30 s and 72°C for 1 min 30 s, with a Wnal exten-
sion at 72°C for 10 min. PCR products were analyzed by
gel electrophoresis for successful ampliWcation and chro-
mosome locations were determined by the ampliWcation
pattern of the desired product amongst the nulli-tetrasomic
Chinese Spring samples. To enrich for polymorphism, PCR
products were separately treated with Wve diVerent restric-
tion enzymes that have 4-bp recognition sequences; HaeIII,
HpaII, AluI, DpnI and RsaI. Each 20 �L digestion reaction
consisted of; 10 �L PCR product, 1£ NEB buVer (New
England BioLabs, Ipswich MA), 10 units restriction
enzyme (New England BioLabs, Ipswich MA), and 100 �g/
mL BSA if required (New England BioLabs, Ipswich MA).
Each digestion was incubated at 37°C for 2 h and then inac-
tivated at 80°C for 20 min. Products were visualized by
2.8% high-resolution agarose gel electrophoresis and chro-
mosome locations were determined as described above.

Using the same PCR and restriction digestion condi-
tions, the 20 selected SFP primer sets were subsequently
used for ampliWcation on Yr5 and yr5 genomic DNA, as
well as resistant and susceptible DNA bulks from a BC7:F2

population generated from the BC7 AVS £ (AVS £ TSA)
cross (M. Wang, unpublished). The DNA bulks were ran-
domly derived from 20 resistant and 20 susceptible lines.
Digested PCR products were visualized using 2.8% high-
resolution agarose gel electrophoresis to detect potential
polymorphisms. Polymorphic cleaved ampliWed polymor-
phic sequence (CAPS) markers between Yr5 and yr5 DNA,
as well as resistant and susceptible DNA bulks, were
screened on 114 BC7:F3 lines developed from the BC7

AVS £ (AVS £ TSA) cross that was previously used to
develop Yr5 STS markers (Chen et al. 2003).

Results

Expression level polymorphisms

The linear model analysis with false discovery rate (FDR)
multiple-testing correction (Benjamini and Hochberg 1995)
detected signiWcant gene expression diVerences (ELPs)
between isolines for the mock-inoculation and Pst-inocula-
tion treatments. We found 77 ELPs between isolines for
mock-inoculation and 81 ELPs for Pst-inoculation (Supple-
mentary Table 1, in Electronic Supplementary Material).
Sixty-seven of the ELPs were detected under both treat-
ments, whereas 10 were speciWc to mock-inoculation and
14 to Pst-inoculation. This result suggested that Pst-inocu-
lation did not strongly inXuence expression of the leaf tran-
scriptome as a whole. Approximately half the total ELPs
(45) had signiWcantly higher expression in the Yr5 isoline
compared to yr5. Of these, 34 (76%) were due to quantita-
tive transcript diVerences and 11 (24%) were considered as
qualitative (see “Materials and Methods”). For the 46 ELPs
expressed more highly in yr5, 26 (57%) were quantitative
and 20 (43%) were qualitative. HarvEST annotation of ELP
probe sets revealed that 50 (55%) possessed a signiWcant
match (<1e-10) to a hypothetical or functional protein. For
the 67 ELPs common to both treatments, 35 could be anno-
tated, of which a high proportion were related to plant
defense and signal transduction (40%). Nine of the 14 Pst-
speciWc ELPs were annotated, with most of these (66%)
related to defense or signal transduction, as expected. The
annotations of the mock-inoculation speciWc transcripts did
not show any trend toward a certain functional category.
When the data was separated by isoline, the annotations
were dominated by defense and signal transduction (39%
for Yr5 and 48% for yr5). To measure the proportion of the
transcriptome identiWed as ELPs, we calculated the number
of probe sets on the GeneChip that were considered as
expressed in at least one experimental condition by again
using the MAS 5.0 PMA calls (see “Materials and Meth-
ods”). Across all hybridizations, 30,102 out of the 61,127
GeneChip probe sets were “present” in at least one condi-
tion. This translated into 0.30% of the detected transcrip-
tome considered as ELPs, which is in line with the »0.39%
theoretical genome diVerence between the isolines.

Single-feature polymorphisms

A custom script was written to detect SFPs between iso-
lines (code is available from corresponding author upon
request), and identiWed 297 SFPs at a <0.1% false discovery
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rate. Figure 1 shows an example of a normalized expression
and residual plot Wtted for isoline diVerences for a probe set
in which a SFP was identiWed at probe 10. Residual plots
were also visually inspected to conWrm each SFP. The
absolute magnitude of the SAM (Tusher et al. 2001) d-sta-
tistic was used as a threshold to call signiWcant SFPs, and
the sign indicated which isoline was polymorphic with
regard to the reference GeneChip oligo (positive values
predicted SFPs in Yr5 and negative values in yr5). Figure 2
shows the distribution of d-statistics for all probes, where
signiWcant SFPs are indicated as probes above and below
the cutoV lines that represent FDR � < 0.01. Additionally,
Fig. 2 shows a truncated histogram of the d-statistic distri-
bution for all probes, where Yr5 SFPs are identiWed in the
right tail and yr5 SFPs in the left tail. Complete results of
the SFP analysis for each signiWcant probe, including d-sta-
tistics and q values can be found in Supplementary Table 2

(ESM). The 297 individual SFP probes were sourced from
118 probe sets, where most probe sets contained only one
SFP probe (58%) and there was one instance of all 11
probes being called SFPs in a single probe set (Supplemen-
tary Table 3, in ESM). Approximately half (45%) of the
signiWcant SFP probes identiWed Yr5 as the polymorphic
genotype, whilst 55% identiWed yr5 as polymorphic, with
respect to the reference probe on the GeneChip. Within
probe sets with multiple SFP probes, there were instances
of some probes being identiWed as Yr5 polymorphic and
some as yr5 polymorphic. Of the 118 probe sets containing
SFPs, 99 (84%) possessed a signiWcant match (<1e-10) to a
hypothetical or functional protein. Unlike the ELPs, the
functional distribution of the probe sets containing SFPs
did not show a bias toward defense-related transcripts. As
for the ELPs, we estimated the proportion of the transcrip-
tome identiWed as SFPs as 0.39%, which is also highly sim-

Table 1 The 20 single-feature polymorphisms (SFPs) between Yr5
and yr5 wheat isolines targeted for genetic marker development, where
“Deletion bin” refers to wheat ESTs mapped by the NSF EST deletion
mapping project (Qi et al. 2004), “Wheat chromosome” indicates the

result of the Chinese Spring nulli-tetrasomic analysis with correspond-
ing restriction enzyme used, “Isoline” indicates polymorphism be-
tween isoline DNA, and “Bulks” indicates polymorphism between
resistant and susceptible bulks from the Yr5 segregating population 

NA indicates the absence of available data

Probe set ID Deletion bin Wheat chromosome Isoline Bulks

Ta.13376.1 NA NA No polymorphism No polymorphism

Ta.13412.1 NA NA NA NA

Ta.14710.1 NA 2B (HpaII) Yes (HpaII) No polymorphism

Ta.1705.1 NA NA No polymorphism No polymorphism

Ta.21235.1 NA NA No polymorphism No polymorphism

Ta.25199.1 NA 2B (HaeIII) No polymorphism No polymorphism

Ta.25512.1 NA 2D (HaeIII) No polymorphism No polymorphism

Ta.25528.1 NA 2B (HpaII) Yes (HpaII) No polymorphism

Ta.28321.2 NA NA No polymorphism No polymorphism

Ta.2884.1 NA 2B (HaeIII) Yes (HaeIII) No polymorphism

Ta.5622.2 NA 2B (HaeIII) NA NA

Ta.6979.1 2AL
2BL (bin 0.89–1.00)
2DL

2D (RsaI) Yes (RsaI) Yes (RsaI)

Ta.8144.1 2AL
2BL (bin 0.50–0.89)
2DL

2B (HaeIII) No polymorphism No polymorphism

Ta.8151.1 2AL
2BL (bin 0.89–1.00)
2DL

2D (HpaII) No polymorphism No polymorphism

Ta.9253.1 1AS 2B (HpaII) Yes (HpaII) No polymorphism

Ta.9428.1 2AL
2DL

NA Yes (HpaII) No polymorphism

Ta.9452.1 NA 2B (HpaII) NA NA

Ta.9920.1 NA 2B/2D (HaeIII) No polymorphism No polymorphism

TaAVx.123757.1 2AL
2BL (bin 0.36–0.50)
2DL

2B (RsaI) No polymorphism No polymorphism

TaAVx.52427.1 NA NA NA NA
123
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ilar to the »0.39% theoretical genome diVerence between
the isolines.

Comparing the ELP and SFP lists identiWed nine probe
sets out of 91 (10%) that were called as ELPs and also con-
tained SFPs (Supplementary Table 3 in ESM). To deter-
mine if the presence of SFPs inXuenced the ELP for these
nine probe sets, or vice versa, we visually inspected the
normalized expression and residual SFP plots (as in Fig. 1)
for each probe set (see Supplementary Fig. 1, in ESM). If
the expression plot for each isoline across the 11 probes
diVered by consistent magnitude, we determined this to be a
true ELP and as containing false positive SFP(s). The
detection of SFPs in these cases was likely due to excessive
signal variability across the probes that adversely aVected
the ability of the algorithm to determine an accurate sum-

marization expression value for the whole probe set. If in
the expression plot we saw a few probes with low signal in
one isoline only, but the remaining probes had a similar sig-
nal value between isolines, we identiWed these as true
SFP(s) for the low signal probes. In these cases the ELP
was caused by the low hybridization value of the few
probes, which caused a signiWcant gap in the expression
summarization values between isolines for the probe set as
a whole. In the third observation we saw both a legitimate
SFP at the called probe(s) but also saw consistent signal
diVerence amongst the remaining probes. Subsequently,
these probe sets were identiWed as both ELPs and as con-
taining SFPs. After applying these criteria, two of the nine
probe sets were classiWed as true ELPs containing false
positive SFPs (Ta.12382.2.S1_at and Ta.26970.1.A1_at),

Fig. 1 Normalization of hybridization intensity for single-feature
polymorphism (SFP) determination between Yr5 and yr5 wheat iso-
lines, where the y-axis is background-corrected normalized log inten-
sity data and the x-axis is the position of the 11 probes along the probe
set. Black lines indicate the Yr5 array signal data for each Yr5 hybrid-

ization, and red lines are the yr5 data. The “raw data” plot shows robust
multi-array average (RMA) background corrected and normalized sig-
nal data. The “Residuals” plot shows signal data after removing
expression eVects, which was used for SFP determination and indicates
the presence of a SFP in probe 10 of this example

Fig. 2 Distribution of the sin-
gle-feature polymorphisms (SF-
Ps) detected between the Yr5 and 
yr5 wheat isolines, showing a 
signiWcance analysis of micro-
arrays (SAM) plot with observed 
d-statistics (y-axis) plotted 
against expected d-statistics (x-
axis). SigniWcant SFPs exceed-
ing the � < 0.01 false discovery 
rate (FDR) are represented by 
grey circles. A histogram of d-
statistics is also shown, where 
positive scores >4.503 are Yr5 
SFPs and negative scores <4.431 
are yr5 SFPs
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four represented false positive ELPs and true SFPs
(Ta.23313.1.S1_at, Ta.28185.1.S1_x_at, Ta.28363.3.S1_x_at
and Ta.28564.1.A1_at), and three were both true ELPs and
true SFPs (Ta.30751.1.S1_at, Ta.9452.1.A1_at and
TaAVx.54029.1.S1_at).

Physical and genetic mapping

Using HarvEST annotation, it was possible to physically
map many ELP probe sets and probe sets containing SFPs
in the rice genome (see Supplementary Tables 1 and 3 in
ESM). The distribution of ELPs and SFPs amongst rice
chromosomes showed a bias toward chromosomes four and
seven (Fig. 3). Further, the physical positions on these
chromosomes revealed a further bias toward the long arms
of these chromosomes (Fig. 4). Rice 4L and 7L are known
to be syntenous with wheat chromosome 2L and 2S,
respectively (Sorrells et al. 2003). Thus, the isolines used in
this study are most polymorphic in the physical region of
the Yr5 locus (2BL). In particular, the SFPs on rice 4L tend
to cluster in two distinct regions, the Wrst cluster of six
SFPs spans 2.7 Mbp between physical coordinates
19420521-22135874, and the second cluster of 14 SFPs
spans 3.6 Mbp between coordinates 30742528–34296287.
Also, the ELPs and SFPs tend to co-locate to similar
regions in both rice chromosome 4L and 7L.

Probe sets containing SFPs that possessed homology to
rice 4L were focused upon for further characterization, and
potential genetic marker development, because they were
likely to represent sequence polymorphisms (e.g. SNPs)
that may be linked to the Yr5 locus. Of the 20 probe sets
containing SFPs that mapped to rice 4L (Table 1), Wve had
been mapped to wheat homeologous group 2L and one to
wheat chromosome 1AS by Qi et al. (2004) in the NSF EST
deletion mapping project. To further assign each SFP to a
particular wheat chromosome, the Chinese Spring wheat
nulli-tetrasomic lines were used. PCR primers were
designed according to unigene sequences of each probe set

containing SFPs and PCR was performed across all nulli-
tetrasomic lines. To enrich for polymorphism between PCR
products, restriction digestion was performed with a range
of restriction nucleases with 4-bp recognition sequences.
Thirteen SFPs were successfully assigned to wheat chro-
mosomes, of which nine were placed on 2B, three on 2D,
and one on both 2B and 2D (Table 1). Subsequently, using
wheat-rice synteny greatly enhanced the selection of SFPs
that were located on the desired chromosome in this study.
Where available, the data matched that of Qi et al. (2004) in
all but one case, where we assigned unigene Ta.9253.1 to
2B instead of 1AS. Of the nine SFPs located on wheat 2B,
four were also polymorphic between isolines under the
same PCR and digestion conditions. Additionally, one SFP
from 2D and one SFP that could not be assigned a chromo-
some were polymorphic between isolines. These polymor-
phic SFPs were considered as potential cleaved ampliWed
polymorphic sequence (CAPS) genetic markers, and were
screened against resistant and susceptible DNA bulks of the
BC7:F2 population derived from the BC7

AVS £ (AVS £ TSA) cross. CAPS polymorphism was
identiWed in the bulks for Ta.6979.1 (RsaI; Chinese Spring
2D), where the pattern of restriction fragments revealed a
unique band for Yr5 that could be mapped as a dominant
Yr5 marker To establish an estimate of genetic linkage to
the Yr5 phenotype, this CAPS marker was screened in a
population of 114 lines from a BC7:F3 population (Chen
et al. 2003), where we detected six recombinant lines that
translated into a genetic distance of 5.3 cM between Yr5
and this marker (data not shown).

Discussion

This study identiWed 91 signiWcant ELPs between two
BC7:F4 near-isogenic wheat genotypes over two treatments,
including Pst-inoculation and mock-inoculation, and four
sampling time-points. Before identifying ELPs, the RMA
condensing algorithm was selected after examining hierar-
chical clustering of normalized arrays (see “Materials and
methods”). However, it is important to recognize that the
use of other condensing algorithms (e.g. MAS 5.0) could
produce varying lists of ELPs, but for the marker develop-
ment purpose of this study the RMA algorithm performed
satisfactorily. Sixty-seven of the ELPs were conserved
between the two treatments, indicating that Pst-inoculation
did not alter the leaf transcriptome (based on the Yr5 geno-
type) to a large extent. However, a large proportion of the
ELPs identiWed for both treatments were related to defense
and/or signal transduction pathways, which may be
expected considering that the isolines were developed to
diVer only for their Pst response. Other studies surveying
ELPs in A. thaliana have also found a bias toward genes

Fig. 3 Histogram showing the proportion of expression level poly-
morphisms (ELPs) and single-feature polymorphisms (SFPs) detected
between the Yr5 and yr5 wheat isolines that were homologous to rice
physically mapped sequences according to rice chromosome
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involved in signaling and stress responses (Chen et al.
2005; Kliebenstein et al. 2006a; Van Leeuwen et al. 2007),
although salicylic acid was included as a treatment in some.
Separating the ELPs into qualitative and quantitative cate-
gories for each isoline revealed that yr5 possessed a larger
number of qualitative ELPs in comparison to Yr5. We pos-
tulated that this observation is most likely due to the fact
that the Yr5 introgression was derived from a diVerent spe-
cies, Triticum spelta var. album, thus some of the DNA
sequences carried over from this introgression are unlikely
to hybridize successfully to the sequences of the Wheat
GeneChip, which were sourced from common wheat.
Along these lines, it is also likely that Yr5, and to a lesser
degree yr5, possesses additional ELPs that could not be
detected by the Wheat GeneChip due to both sequence
incompatibility in Yr5 and the less than whole genome cov-
erage of the Wheat GeneChip. It is also worth noting that
the Yr5 qualitative ELPs are not likely to contain the actual

Yr5 gene due to the derivation of this gene from Triticum
spelta var. album. Expression level polymorphism fre-
quency could be increased by sampling other tissues at
diVerent developmental stages under diVerent environmen-
tal conditions. However, for the proportion of the transcrip-
tome assessed in this study, we estimated 0.30% as ELPs,
which is well supported by the expected genome diVerence
between isolines of »0.39%.

As another measure of polymorphism between isolines
related to actual DNA sequence polymorphism, we utilized
a SFP prediction method to identify DNA sequence poly-
morphism from AVymetrix RNA expression data. Employ-
ing this method, we identiWed 118 probe sets that contained
at least one SFP amongst the 11 probes. The detection of
118 SFPs demonstrates the value of this technique for gen-
erating abundant polymorphic markers, even between iso-
lines. Thus, SFPs will be valuable in developing dense
genetic marker sets for high deWnition mapping. It is impor-

Fig. 4 Physical position of the 
single-feature polymorphisms 
(SFPs; solid lines) and expres-
sion level polymorphisms 
(ELPs; broken lines) detected 
between the Yr5 and yr5 wheat 
isolines that were homologous to 
sequences on rice chromosomes 
4 and 7. Most ELPs and SFPs 
cluster on rice 4L and 7L, which 
are syntenous to wheat chromo-
somes 2L (Yr5 locus) and 2S, 
respectively (Sorrells et al. 
2003). SFP Ta.6979.1.S1_at that 
was mapped within 5.3 cM of 
the Yr5 locus is indicated in bold
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tant to note that, because of the polyploid nature of the
wheat genome, there is potential for cross-hybridization of
homeologous gene targets to individual probes, which may
aVect the speciWcity of SFP calling. Without a genome
sequence this issue is diYcult to resolve, but we success-
fully assigned some probe sets containing SFPs to speciWc
chromosomes using the Chinese Spring wheat nulli-tetraso-
mic stocks (discussed later). Unlike the ELPs, functional
annotation of the probe sets that contained SFPs did not
reveal any bias toward stress-related or signaling genes.
Because the SFPs were not likely a result of expression
diVerences between isolines, the functional distribution is
likely to show more of a random distribution. Just nine
(10%) of the ELPs contained SFP(s) and, after visual
inspection of the expression and residual plots of these nine
probe sets, we found evidence that just four (4%) of the
ELPs were likely caused by the SFP(s) in that probe set
(false positive ELPs). Although Kliebenstein et al. (2006a)
reported that SFPs do not signiWcantly eVect ELPs in A.
thaliana, successfully separating ELPs and SFPs is impor-
tant for “genetical genomics” studies so as signiWcant
expression quantitative trait loci (eQTL) are not con-
founded by SFP eVects, and also so that SFP hybridization-
based mapping is not inXuenced by ELP. The identiWed
SFPs represented 0.39% of the surveyed transcriptome,
which was highly similar to the proportion of ELPs and the
estimated genome diVerence between isolines. Because the
reference probes on the wheat GeneChip were sourced
from diVerent wheat genotypes than those used in this
study, cases of DNA polymorphism in the same probe of
both isolines could not be detected. Subsequently, as for the
ELPs, additional SFPs are also likely to exist, but the corre-
lation to estimated isoline genome diVerence indicates that
the methods of ELP and SFP detection are likely to accu-
rately represent genome diVerences between genotypes.

Mapping of the ELPs and SFPs to rice indicated that
most were located on rice chromosomes 4L and 7L. Rice
4L is syntenous to wheat 2L, whilst rice 7L is syntenous to
wheat 2S (Sorrells et al. 2003). This result suggests that
wheat homeologous group two was under selection during
the development of the isolines, which is expected consid-
ering the known position of the Yr5 locus on wheat 2BL
(Law 1976; Macer 1966). In rice, the ELPs and SFPs both
mapped to similar regions (Fig. 4), which suggests a posi-
tive local correlation between the two types of polymor-
phism. Other studies of this type have also found evidence
for a relationship between DNA sequence divergence and
ELPs (Kliebenstein et al. 2006a; Van Leeuwen et al. 2007).
Kliebenstein et al. (2006a) suggested that this correlation
may be due to a strong inXuence of cis-acting DNA
sequence polymorphisms in regulating ELPs. Subse-
quently, we also conclude that the enrichment for ELPs in
the Yr5 region, where DNA sequence polymorphism is

high, indicates that there exists a strong cis-, or linked
trans-, eVect of DNA sequence polymorphism on gene
expression. Thus, many of the ELPs are likely to harbor
DNA polymorphisms in their promoter regions, which
could not be assessed by the wheat GeneChip. In particular,
the qualitative ELPs resemble the gene expression markers
(GEMs) reported by West et al. (2006), which show a dis-
tinct bimodal distribution between genotypes and are gen-
erally regulated by cis-acting DNA polymorphism. The
existence of such polymorphisms in the identiWed ELPs
could be determined in future studies by isolating these
sequences from the Yr5 bacterial artiWcial chromosome
(BAC) library (Ling and Chen 2005) and sequencing the
promoter regions from both isolines. Alternatively, some
quantitative ELPs may result from DNA polymorphisms in
linked trans-acting factors. Interestingly, twelve (10%) of
the probe sets containing SFPs were functionally annotated
as transcription associated genes (see Supplementary
Table 3 in ESM), which could possibly regulate some of
the observed ELPs. Also, some of the 37 unknown or
unclear probe sets containing SFPs may represent trans-
acting factors. However, analysis of SFP inXuence on ELPs
in a segregating population would be required to determine
this eVect.

Considering that SFPs are known to represent DNA
sequence polymorphisms (see review by Zhu and Salmeron
2007), we focused on these as potential genetic markers
between Yr5 and yr5, which may be useful for Wne genetic
mapping and map-based cloning of Yr5. The ELPs were not
chosen for genetic marker development as they are less
likely to possess DNA sequence polymorphism in their
transcribed regions. Using the knowledge that Yr5 is
located on wheat 2BL, we chose to further characterize
only the 20 SFPs that mapped to rice 4L (syntenous to
wheat 2L). Placement of these SFPs onto wheat chromo-
somes was achieved using Chinese Spring nulli-tetrasomic
wheat lines (Wheat Genetic and Genomic Resources Cen-
ter, Kansas State University, KA), and 9 of the 13 that
could be mapped were speciWc to the targeted chromosome
arm, wheat 2BL. Considering the potential for SFPs repre-
senting SNPs, a CAPS approach to Wnding polymorphism
was more successful. After screening the nine genetic
marker candidates on the parental isolines (Yr5 and yr5)
and bulks from a segregating population, we identiWed six
candidates with polymorphism between parents. However,
polymorphism in the resistant and susceptible bulks was
considered more informative for developing Yr5 markers,
and we identiWed one marker (Ta.6979.1) that met this
requirement. The remaining Wve were not polymorphic
between bulks, thus were not likely to be closely linked to
the Yr5 locus and were not mapped. Using a previously
developed population (Yan et al. 2003), we estimated the
one marker polymorphic in the bulks (Ta.6979.1) to be
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5.3 cM from Yr5, which indicates that the assignment of
this marker to wheat chromosome 2D was incorrect.
Although not as close to Yr5 as other published markers
(Chen et al. 2003; Smith et al. 2007), Ta.6979.1 represents
an expressed gene and may be useful for marker-assisted
selection, and demonstrates the ability of using SFPs for
generating PCR-based genetic markers. Importantly, the
marker resides in the 3.6 Mbp cluster of SFPs that were
physically mapped to rice chromosome 4L (Fig. 4), which
indicates that the ELPs and SFPs are enriched around the
Yr5 locus. Using the TIGR rice genome browser (http://
www.tigr.org/tigr-scripts/osa1_web/gbrowse/rice/), we
identiWed seven nucleotide-binding-site/leucine-rich-repeat
plant resistance genes and >10 receptor protein kinase
genes within this cluster in the rice genome, which we will
use in future wheat-rice synteny studies aimed at map-
based cloning of the Yr5 gene.

In summary, this study demonstrates that ELP and SFP
surveying and the use of wheat-rice synteny are valuable
techniques for generating genetic markers linked to traits of
interest in a complex genome. In particular, the use of iso-
lines to survey SFPs enables the development of genetic
markers for a trait of interest without proWling an entire
population segregating for that trait. At this stage however,
the economic constraint of microarray studies means that
studies such as this would likely only be performed as part
of a larger gene expression study, as was the case here. The
results show that the ELPs co-locate to the region of DNA
sequence polymorphism between isolines, which suggests
that most ELPs are regulated by cis-, or linked trans-, act-
ing DNA sequence polymorphisms. Further, the SFP-con-
taining probe sets involved in transcription regulation may
represent linked trans-acting factors that regulate ELPs. To
examine these eVects, we intend to generate a doubled hap-
loid (DH) population from a cross between isolines that can
be used to map ELPs and SFPs in a genetical genomics
approach to determine eQTL associated with the Yr5 phe-
notype. A DH population will be used as ELPs and SFPs
are dominant markers that cannot be used accurately in a
population with high levels of heterozygosity. Also, we
intend to construct a custom microarray containing only the
ELP and SFP-containing probe sets identiWed in this study,
which will be used to map these ELPs and SFPs in a more
cost-eVective manner. Although West et al. (2007) found
that transcript level variation in the parents of a progeny
underestimates the variation present in that progeny, most
large eVect cis-eQTL can be still determined using only the
parental transcript variation. Subsequently, the use of a
focused microarray may be useful for associating cis-eQTL
with theYr5 phenotype, and may enable the identiWcation of
regulatory inXuences of putative linked trans-acting SFPs
on ELPs. Results of such a study may identify particular
transcripts and regions of the genome important for regulat-

ing the expression of the agriculturally important Yr5 phe-
notype.
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